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Abstract15

Since about 2000, the total mass of the Antarctic Ice Sheet (AIS) has declined16

at a near-linear rate, increasing global sea levels. Since 2016 however, satellite17

gravimetry data reveal a slowdown in net AIS mass loss and a net mass gain since18

2020, despite increases in dynamically-driven ice loss by discharge from outlet19

glaciers. Here we use a suite of reanalyses and regional climate models to show20

that this reversal is caused by increased precipitation and positive surface mass21

balance anomalies linked to increased atmospheric river (AR) activity, strength-22

ening westerlies and loss of sea ice. ARs have become more frequent and intense23

since 2020, particularly over the Antarctic Peninsula, Queen Maud Land, and24

Wilkes Land, resulting in strong regional positive mass balance anomalies. High-25

resolution regional climate model simulations with modified sea ice extent show26

that the effect of sea ice on enhancing precipitation through increased evaporation27

accounts for around 10% of the winter increase, but is overall minor compared28

to remote large-scale processes. Combined, these factors result in accumulation29

increases that currently offset the mass loss from accelerated ice discharge in30

Antarctica and point to processes important for future projections.31
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32

Understanding the drivers of mass gains and losses for the Antarctic Ice Sheet (AIS)33

is crucial for predicting future sea level rise and changes in ocean circulation. Antarc-34

tica holds the largest reservoir of freshwater on Earth, and therefore changes in its35

ice mass balance strongly influences global and regional sea levels. Related freshwater36

influx and changes in the sea ice extent (SIE) can further affect density-driven global37

ocean circulation [1–4]. AIS mass balance has shown a near-linear decline since 2002,38

but recent studies based on gravimetry-based estimates from the GRACE satellite39

missions (GRACE and its successor, GRACE-FO) reveal an abrupt slowdown in mass40

loss between 2020 and 2022 [5, 6]. This interruption in the downward trend has been41

attributed to increased precipitation and surface mass balance (SMB) anomalies,42

which are unprecedented in both West and East Antarctica [5, 7]. Updated GRACE43

data through December 2024 shows that ice mass accumulation has accelerated44

further due to even greater precipitation since 2022. A new ice discharge dataset45

[8] confirms that this trend is not due to reduced ice discharge (which continues to46

accelerate), but is instead driven by enhanced surface accumulation, which more47

than compensates for the enhanced ice loss in the total mass budget. On the AIS,48

extreme precipitation events such as atmospheric rivers (ARs), are the primary49

source of precipitation [9–12], which are highly episodic. In this study we show that50

their intensity and persistence have increased since 2020, particularly in areas where51

mass balance anomalies identified by the GRACE satellite data are highest, namely52

the Antarctic Peninsula (AP), Queen Maud Land and Wilkes Land. We examine53

the role of hemispheric and regional scale climate indices ENSO (El Nino Southern54

Oscillation) and the related Southern Annular Mode (SAM) in driving regional scale55

patterns. Additionally, we analyse the role of the low SIE in recent years by con-56

ducting pan-Antarctic experiments at 11km resolution in a regional climate model57

optimised for Antarctica with modified SIE for one year (July 2021 to June 2022),58

which includes four AR events, including the heatwave events of February 2022 on59

the AP [13, 14] and of March 2022 on the EAIS [15–18].60

61

Recent Increase in Antarctic Ice Mass62

From the beginning of this century until 2020, Antarctic mass loss was estimated to63

range between -90 and -142 Gt yr−1 [5, 6, 19–21]. After the launch of GRACE-FO in64

2018, Zhang et al. (2024) reported a reduction in mass loss to only -24.8 ± 52.1 Gt yr−1
65

until 2022 [6], and Wang et al. (2023) reported a mass gain of 129.7 ± 69.6 Gt yr−1
66

from 2021 to 2022 [5]. Using GMB data to December 2024, we show that the recent67

years of mass gain were not short-term anomalies, but the beginning of a significant68

5-year mass gain trend of 67.53 ± 31.4 Gt yr−1 from 2020 to 2024 (Figure 1a). This69

positive trend occurs despite higher rates of dynamic ice loss, with the AIS losing70

nearly 100 Gt yr−1 more ice through grounding line discharge between 2020–202471

compared to 2003–2019 (Figure 1d,g). Instead, the recent mass gain is driven by an72

increase in SMB (the sum of precipitation, evaporation and sublimation, and surface73

runoff), which remained near equilibrium until 2020 but has since then been rising74

2



at rates of ∼200 Gt yr−1 (219.9 ± 14.9 Gt yr−1 in ERA5; 197.42 ± 17.7 Gt yr−1
75

in RACMO2.4p; and 196.37 ± 13.6 Gt yr−1 in HCLIM43; Figure 1a). This increase76

represents ∼9% of the recently reported multimodel ensemble mean SMB of 2,300 Gt77

yr−1 and exceeds the standard deviation of 108 Gt yr−1 [22]. We show that most of78

the additional precipitation occurred over the ice shelves, where the increase in SMB is79

more pronounced than over grounded land (Figure A1). This suggests that ice shelves80

act as precipitation sinks or ‘buffer zones’ for moisture transported from further north,81

with the majority of precipitation reaching the AIS itself being primarily (up to 90%)82

driven by ARs [12]. The frequency of ARs reaching the AP and coastal East Antarctica83

is indeed significantly higher in the later period (2020–2024) compared to 2003–201984

(Figure A5), and coincides with the regions showing the strongest positive SMB and85

GMB trends (Figure 1e,f). Since 2020, only the drainage basins near the Amundsen86

Sea (Zwally drainage basins 19-21) still have a negative net mass loss due to high rates87

of dynamical discharge (Figure 1e,g). Annual precipitation over the AIS is dominated88

by short-term, high-impact events (e.g. as shown for 2021/2022 in Figure 2a), and89

recent precipitation increases are evident across most days of the year, particularly90

during summer (Figure 2b). This results in a 12.7% higher summer SMB in ERA591

(10% in RACMO2 and 12.2% in HCLIM43) during 2020–2024 compared to the 2003–92

2019 mean, while winter SMB increased by 7.3% in ERA5 (8.4% in RACMO2 and93

5.8% in HCLIM43) (Figure A4). The summer increase is most pronounced over West94

Antarctica and the AP, whereas winter SMB has risen mainly along the East Antarctic95

coastline and tip of the AP. These patterns coincide with regions experiencing the96

highest AR activity (Figures A5 and A6) and IVT (Figure A7), as well as strengthened97

westerlies over the past five years (Figure A8). Given the relatively short duration (598

years) of increased SMB and AR activity, it remains unclear whether the recent GMB99

shift marks the onset of a long-term trend. As of April 2025, SMB has not shown100

signs of declining (Figure 1a), and continued increases in precipitation are expected101

under warming, consistent with the Clausius-Clapeyron relation [23].102

Regional Accumulation Patterns shaped by SAM,103

ENSO, and ARs104

Previous studies have linked regional variation in Antarctic SMB to different phases105

of the SAM and the El Niño-Southern Oscillation (ENSO) [24–29]. Our correlation106

results align with the finding that the influence of SAM and ENSO on SMB and sea107

ice is complex and regionally dependent (Figure A2 and A3). Two dominant patterns108

emerge: (1) Both modes exert relatively weak influence on East Antarctica and the109

sea ice in the surrounding ocean basins; and (2) a positive SAM and negative ENSO110

tend to increase SMB on the AP and reduce it in the Ross Sea sector in both seasons111

(Figure A3), consistent with previous studies [24, 25, 28, 30]. The concurrent effect112

of SAM and ENSO on both sea ice and SMB near the AP is also described in an ice113

core study [26], which concluded that the anticorrelation between sea ice and SMB is114

likely not directly driven by sea ice loss, but by their shared response to large-scale115

atmospheric forcing. The recent sea ice decrease in the Bellingshausen Sea and the116

SMB increase on the AP since 2020 are thus very likely enhanced by negative ENSO117

3



and positive SAM anomalies respectively (Figure A3). This is also supported by118

the post-2020 alignment of SAM anomalies with Pan-Antarctic time series of SMB119

(Figure A2). The increased westerlies and deepened Amundsen Sea Low associated120

with a positive SAM and negative ENSO [25] have favoured more frequent intrusions121

of north-westerly air masses into the AP year-round, while reducing ARs, IVT and122

SMB over West Antarctica in winter (Figures A2–A3). However, SMB and GMB123

trends over East Antarctica since 2020 are just as strong (Figure 1e,f), and thus124

SAM and ENSO variability alone can not fully explain the enhanced accumulation.125

Previous studies have shown that East Antarctic precipitation is more strongly influ-126

enced by synoptic-scale moisture transport from northerly sources, largely due to the127

higher elevation of the plateau [10, 31]. This explains low correlations of inland East128

Antarctic SMB with local sea ice (Figure A10) and either climate modes (Figure129

A3a-f), and suggests that recent episodic AR events have instead increased precipi-130

tation in East Antarctica, especially during winter (Figure A5d and Figure A6d).131

132

The role of sea ice in modulating SMB and AR133

strength134

Correlations135

136

Local sea ice loss can contribute to higher precipitation and SMB anomalies over137

the AIS [32, 33] by enhancing sensible and latent heat fluxes to the atmosphere138

[34, 35]. We find significantly negative correlations between seasonal SIC and SMB,139

especially during winter and in West Antarctic sectors (Figures A9 and A10). How-140

ever, in some regions such as the Bellingshausen Sea this relationship partly reflects a141

shared response to large-scale atmospheric forcing [26]. Correlations between evapo-142

ration and adjacent SMB anomalies are generally weak or not statistically significant143

across most regions and seasons (not shown), but we note that ERA5-based evap-144

oration estimates may be limited in accurately capturing latent heat fluxes due to145

simplifications in surface energy partitioning and parameterizations. We find that SIC146

correlations with SMB are generally stronger over ice shelves (Figure A10), which147

indicates that increased moisture from local sea ice loss is lost through precipitation148

over the ice shelves before reaching the grounded AIS. We also investigated different149

time lags (up to 3 months), as well as monthly and annual frequencies, which showed150

weaker correlations than the seasonal results presented here. Further, Antarctic sea151

ice began to decline since 2015, several years before the observed shifts in SMB and152

GMB trends (Figure 1a). The direct effect of sea ice loss on Antarctic mass gain153

through locally enhanced evaporation is therefore not insignificant, but unlikely to154

explain the sudden acceleration in ice sheet-wide precipitation.155

156

Idealised Experiments157

158

To isolate the influence of sea ice on overall Antarctic-wide SMB as well as AR159

strength, we conducted 1-year idealized simulations from July 2021 to June 2022160
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with altered SIC (Figure 3a-c). Figure 2a displays the daily precipitation over the161

full year and highlights how episodic AR events account for a major share of the162

total accumulation. All four of the highest precipitation days (>15 Gt day−1) over163

the AIS during this 1-year period occurred during ARs (Figure 4a-d).164

165

The conducted RCM simulations with HCLIM43 [18, 36] include a control run166

(CTRL) and two idealised experiments with added sea ice (exICE, where SIC are167

increased to 100% up to 5°S north of the monthly mean SIE), and completely168

removed sea ice (noICE). The mean SIC of the different experiments over the simu-169

lated year are shown in Figure A11a-c. We note a 249 Gt increase in accumulated170

grounded AIS precipitation, and a 174 Gt increase in accumulated SMB from July171

2021 to June 2022 when comparing noICE to CTRL (Figure 3d, Figure A11f). Our172

experiments thus suggest that a completely sea ice-free Southern Ocean during the173

already low sea ice in 2021/2022 would thus have increased annual grounded ice174

sheet precipitation by 8.8% and SMB by 7.3% (10.2% and 7% including ice shelves).175

Directly comparing the two extreme scenarios (exICE and noICE) results in slightly176

higher values, but here we focus on the changes relative to CTRL. Most additional177

precipitation from CTRL to noICE falls on ice shelves and coastal areas, where local178

precipitation is at some locations increased by as much as 1,000 mm year−1 (Figure179

3f). The areas most affected are Marie Byrd Land and the AP, with over 1,700 mm180

year−1 of increased precipitation near Larsen C (Figure 3f). Correspondingly, precip-181

itation is most reduced in these areas if SIC are increased (Figure 3e).182

183

We also find higher temperatures over the AIS and ice shelves if sea ice is absent,184

particularly over the Antarctic Peninsula and near the Ross Ice Shelf (Figure A11g–i),185

where annual mean skin temperatures increase by up to 16°C. This warming explains186

why the SMB increase under removed sea ice is smaller than the corresponding187

increase in precipitation (Figure A11a-c), as a substantially larger portion of land188

and ice shelf becomes susceptible to evaporation (and runoff which is not included189

in our simplified ERA5 and HCLIM43 SMB calculation). The higher land and190

ice shelf temperatures in the noSIC experiment occur despite lower net downward191

longwave radiation and turbulent heat fluxes compared to the exICE and CTRL192

simulations (Figure A13-A15). Downward longwave radiation over both ocean and193

land is increased in noSIC, but this is outweighed by stronger upward longwave radi-194

ation, resulting in a net surface cooling effect from longwave radiation (Figure A13).195

Instead, higher annual mean land temperatures result primarily from increased net196

solar radiation (Figure A14) due to lower albedo (Figure A12d-f). Despite increased197

cloud water content (Figure A12a-c), which lowers downward shortwave absorption,198

future sea ice loss may therefore increase Antarctic temperatures primarily through199

reduced shortwave reflection, rather than turbulent fluxes or longwave radiation200

(though local exceptions exist). We also note a 15.4% increase in land rainfall in201

noICE (24% decrease in exICE), which is most evident on the AP and Victoria land202

(Figure A11d-f). Zonal and meridional winds are not significantly affected by the203

absence or presence of sea ice, suggesting that the recent strengthening of the west-204

erlies (Figure A8) is instead driven by remote, planetary-scale atmospheric forcing.205

206
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These atmospheric changes in response to altered SIC are most pronounced207

during winter (Figure A16g–v), while the impact is minimal in summer (except for208

shortwave radiation), when a weaker ocean–air temperature gradient limits evapora-209

tion. Since recent mass loss and sea ice loss occurs in both summer and winter, this210

is further evidence that sea ice loss alone can not explain recent increases in summer211

SMB. We note a near-linear SMB increase from the exICE over the CTRL to the212

noICE experiment, with 5.7 (7.3) Gt more SMB per year per million km2 of less SIE213

in summer (winter) over the AIS (Figure A17c). A backward calculation based on214

SMB and sea ice before and after 2020 suggests that the recent grounded ice sheet215

SMB increase of 121.9 Gt year−1 in summer and 78.5 Gt year−1 in winter (Figure216

A4) can be attributed by approximately 3.1% and 10.9% to sea ice loss, respectively.217

This is based on the fact that the mean SIE in the last 5 years was 0.67 million km2
218

lower in summer and 1.17 million km2 lower in winter compared to 2002–2019 (in219

ERA5). On an annual mean, we find that under present-day conditions, every million220

km2 of lost sea ice may result in 11.4 Gt more SMB per year (12.9 Gt including ice221

shelves) (Figure A17a,b). Annually, the post-2020 trend of 219.9 Gt year−1 over the222

grounded AIS (and 340.46 Gt year−1 including ice shelves), along with 0.82 million223

km2 less sea ice, would indicate an annual 4.3% (or 3.1% with ice shelves) increase224

due to sea ice loss.225

226

During the four AR events, northerly wind speeds are significantly enhanced at227

500 hPa, 850 hPa, and 10 m regardless of SIE (Figure A18). Wind speed magnitudes228

are similar across experiments at all heights, suggesting that sea ice loss has limited229

impact on dynamic AR intensification via reduced surface friction or turbulent flux230

changes, at least in HCLIM43 at 11 km resolution. Still, most events show increased231

precipitation over land and ice shelves under reduced SIC (Figure 4f–i). The most232

pronounced sea ice effect occurs during the March 2022 heatwave, with over 20 Gt233

less precipitation across four AR days when sea ice extends to ∼60°S (note that the234

noSIC case shows only a slight precipitation increase due to already low ice extent235

in the control run). In contrast, the AP heatwave in 2022 shows minimal sensitivity,236

likely because sea ice was already sparse (Figure A19g). Across all cases, spatial anal-237

yses reveal a complex atmospheric response to the altered SIC, caused by displaced238

frontal boundaries and convergence zones (Figure A19).239

240

Conclusions241

We conclude that the recent increase in AIS mass is primarily driven by stronger242

westerlies and more frequent ARs. The SMB and AR increases are strongest in sum-243

mer, especially on the AP and West Antarctica, associated with a positive SAM.244

Winter SMB has increased along most of the Antarctic coast except for West Antarc-245

tica, and we estimate that sea ice loss contributed ∼11% of the recent winter SMB246

increase (∼3% in summer). Together, these remote and local thermodynamic and cir-247

culation changes increased SMB enough to offset continued ice discharge losses. Our248

findings also show that most of the additional uptake of moisture during ARs over a249
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sea ice-free Southern Ocean is lost locally or on ice shelves, while the strength of the250

higher-elevation moisture flow during ARs is largely unaffected by sea ice. Our anal-251

ysis confirms the existence of a small and perhaps limited negative feedback between252

AIS SMB and sea ice, but more important outstanding questions on the role of climate253

change in enhancing precipitation from ARs in Antarctica remain, with important254

consequences for sea level rise estimates in the future.255
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Figures256

Fig. 1: a) Black: Monthly cumulative GMB anomalies from April 2002 to December 2024,
based on GRACE (with respect to the mass as of 2011-01-01 before being subtracted from
the GMB anomaly in April 2002 to show the changes since the mission launch). Dotted:
Monthly cumulative SMB anomalies from April 2002 to April 2025 (ERA5), December 2024
(HCLIM43) and December 2023 (RACMO2), all with respect to the 1995-2010 mean, before
subtracting their SMB from April 2002 (as for GRACE). Light straight lines indicate linear
trend slopes from 2003 to 2019, and 2020 to 2024, with trends printed in respective colour
(all trend slopes are significant with p < 0.05). Red time series: Grounding line discharge
from [8] based on bed topography and velocity measurements from 1996 through to July 2024
(see Methods). Lower panel: Linear trends of GMB (b, e), SMB (c, f), and discharge (d, g)
per basin for the periods 2003–2019 (upper panels) and 2020–2024 (lower panels). Basins are
grayed out where the trend is not significant (p < 0.05). Drainage basins follow Zwally et al.
(2015) [37].
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Fig. 2: a): Daily precipitation over the AIS throughout the year, where the green line
represents the example year from Jul 2021 to Jun 2022. Blue shading indicates the daily
standard deviation over the full 2003–2024 period. Red and orange line represent the mean
daily precipitation (10-day rolling mean) during 2003–2019 and 2020–2024 respectively. The
difference of these two lines (red minus orange) is shown in b), where red and blue coloured
sections mark days where the difference is larger than the standard deviation of the difference
(approximately 1 Gt day−1), which is represented by the yellow dotted lines. 124 (22) days
are significantly higher (lower) during 2020–2024 compared to 2003–2019.
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Fig. 3: (a-c): Mean SIC from June 2021 to July 2022 under (a) control conditions (CTRL),
(b) enhanced sea ice (exICE), and (c) no sea ice (noICE) scenarios. d): Total accumulated
precipitation from June 2021 to July 2022 in the control simulation, and that of the noICE
(e) and exICE (f) experiments minus the control run. Numbers beneath the plots give the
total amount (or difference from) for the grounded ice sheet (AIS) and including ice shelves
(AIS+IS). In d), blue circles mark regions exceeding 6,000 mm with the maximum value
shown in the blue rectangle. In c&d, green circles mark regions exceeding 1,500 mm and
orange circles mark regions below –1,000 mm with min/max values per plot are shown in
the upper rectangles; these colour scale limits were chosen to enhance the visibility of spatial
patterns in the remaining areas. Respective maps for SMB are shown in Figure A11.
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Fig. 4: a-d: AR events included in the 1-year sea ice experiments with HCLIM43. Here data
is based on ERA5; the light blue solid line shows the sea ice edge, and the white dotted
line indicates the AR axis cross-sections. e) Drainage basins which were most affected by the
four ARs: the Antarctic Peninsula (AP), and Amery-and-Wilkes Land (Am-Wil). The 10-day
time series below (f-i) show the accumulated precipitation for each event and experiment on
the grounded ice sheet (solid lines) and that including ice shelves (dotted lines).
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Methods257

Gravitational Mass Balance258

AIS mass balance can be estimated using various methods, including ice accumula-259

tion combined with ice velocity and thickness derived from satellite radar and optical260

imagery, altimetry (radar or laser), or gravimetry. These methods generally yield261

consistent results at the large scale [38, 39]. GMB trends estimates can differ greatly262

across studies, due to different data sources, corrections applied, slightly different263

time periods (e.g. Table 3 in [6] or [40]). Gravimetry data from the GRACE satellite264

mission, launched in 2002 (and its successor GRACE-FO, both referred to as GRACE265

hereafter), provides estimates of AIS mass change, after corrections for the Earth’s266

shape [41] and glacial isostatic adjustment (GIA) [42].267

We use the ESA CCI Antarctic Ice Sheet (AIS) Gravimetric Mass Balance Grid-268

ded Product (v5.0), provided by TU Dresden, derived from GRACE/GRACE-FO269

Level-2 monthly solutions from the Center for Space Research (CSR, RL06.3), which270

provides a time series of gridded as well as drainage basin-specific ice mass changes271

over Antarctica defined by Zwally et al. (2015) [37]. The dataset also applies a glacial272

isostatic adjustment (GIA) correction using the IJ05 R2 model [42] and accounts273

for ellipsoidal corrections [41]. It has a spatial resolution of 350 km with a 50 × 50274

km grid and covers the period April 2002 to December 2024. Ice mass changes are275

referenced to 2011-01-01 based on a linear, periodic (annual and semi-annual), and276

quadratic fit to monthly solutions over 2002-08 to 2016-08. We subtracted all GMB277

anomalies from the GMB anomaly of April 2002 to show the mass loss since 2002 in278

line with the SMB data (Figure 1a).279

280

Surface Mass Balance281

We use ERA5 meteorological precipitation and evaporation fields to estimate SMB282

from 1985 to April 2025, calculated as precipitation minus evaporation. Although283

additional processes influence the final SMB, this provides a reasonable approxima-284

tion when compared with more advanced SMB estimates [43]. We also use downscaled285

SMB (precipitation-evaporation) simulations based on HCLIM43 [36] in its AROME286

(11 km) configuration.287

288

To compare ERA5 SMB to more sophisticated SMB calculations, we further use289

updated RACMO2.4p (RACMO2 in manuscript) SMB data on 11 km grids from 1985290

to 2023 [44]. RACMO2 estimates SMB as the sum of snowfall, rainfall, sublimation,291

drifting snow erosion, and meltwater runoff, using a multi-layer snow scheme that292

includes snow densification, melt percolation, and refreezing. The model is driven by293

ERA5 reanalysis at the lateral boundaries and incorporates updated IFS physics,294

including prognostic precipitation types and a spectral snow albedo scheme coupled295

to the TARTES radiative transfer model. Snow processes specific to polar conditions,296

such as blowing snow and superimposed ice formation, are explicitly represented.297

298
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SMB anomalies for all SMB data are derived by subtracting the 1995-2010 mean299

(as 1995 was the first time step for HCIM).300

Atmospheric Rivers301

Two AR algorithms were used to evaluate changes in AR frequency and AR precipi-302

tation: ANTIS-AR and EDARA [45], which both use IVT based on ERA5 data. We303

use the vertical integrals of eastward (Fu) and northward (Fv) water vapour fluxes,304

which represent the total column-integrated moisture flux (in kg m−1 s−1) from the305

surface to the top of the atmosphere (calculated on model levels that follow terrain).306

IVT is then calculated as307

IVT =
√

F 2
u

+ F 2
v

(1)

Fu and Fv are derived internally by ECMWF from model-level winds and specific308

humidity as309

Fu, Fv = −
1

g

∫

ptop

psfc

(u, v) q dp (2)

where u and v are the horizontal wind components, q is specific humidity, p is310

pressure, and g is gravitational acceleration.311

312

The ANTIS-AR algorithm was specifically developed for this study to identify313

extreme zonal and meridional ARs that make landfall on the ice sheet and/or shelves.314

It detects contiguous regions where IVT exceeds the 95th percentile of the monthly315

climatological IVTu,v at each grid point, with a minimum IVT threshold of 40 kg316

m−1 s−1. Identified regions must have a length-to-width ratio of at least 2:1 [46] and317

a minimum length of 1,300 km. We reduced this threshold from the more common318

global definitions of 1,500 or 2,000 km, as we only evaluated IVT fields south of 60°S319

(i.e. ARs extending farther north are truncated). ARs were detected on the original320

25km grid and daily time steps. A 1-year sensitivity analysis for 2024 revealed a321

negligible increase in AR frequency (from 6.24 to 6.36 AR days yr−1 on average) if322

detected on 12-hour time steps.323

324

EDARA [45] is a global ERA5-based AR dataset that follows the detection frame-325

work of Guan et al. (2015) [47]. It is not specifically optimized for polar regions (e.g.326

it uses a relatively high IVT threshold of 100 kg m−1 s−1), but provides a valuable327

baseline to compare AR changes detected using our ANTIS-AR algorithm. EDARA328

detects ARs that exceed the 85th percentile of IVTu,v, and is therefore technically329

less strict than ANTIS-AR. However, because the absolute IVT threshold of 100 kg330

m−1 s−1 must also be exceeded (which is rarely the case over Antarctica even during331

strong ARs), EDARA tends to underestimate AR frequency and extent over the AIS,332

but detects more ARs over the surrounding Southern Ocean. The used EDARA-ARs333
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in this study are based on the mtARget-v3 algorithm, which improves the identifica-334

tion of zonally oriented ARs. Since this study focuses on ARs affecting land and ice335

shelves, only EDARA ARs that reach at least one grid cell of land or ice shelf are336

considered.337

HCLIM43 experiments338

The Pan-Antarctic sea ice experiment simulations were performed over the Antarctic339

region using the non-hydrostatic regional climate model HCLIM-AROME, version 43340

[36], at 11 km resolution. HCLIM43-AROME is a convection-permitting, nonhydro-341

static configuration designed to explicitly resolve deep convection processes. It uses a342

one-way nesting setup and was run with 65 vertical levels. The model includes thermo-343

dynamic sea ice scheme (SICE), a multilayer snow scheme (ISBA-3L) and advanced344

parameterizations for turbulence, microphysics, and shallow convection. An overview345

of the model physics used in HCLIM43-AROME is summarized below, and the domain346

boundaries are shown in Figure 3a.347

• Dynamics: Nonhydrostatic [48]348

• Radiation: RRTM for longwave, SW6 for shortwave349

• Turbulence: HARATU scheme [49, 50]350

• Microphysics: ICE3-OCND2 [51, 52]351

• Shallow convection: EDMFm [50, 53]352

• Deep convection: Explicitly resolved (no parameterization)353

• Cloud scheme: [54]354

• Orographic drag: Not included355

• Sea ice: SICE module [55]356

• Snow: Multilayer ISBA-3L scheme [56]357

HCLIM43-AROME was driven using ERA5 reanalysis data, including tempera-358

ture, zonal and meridional winds, specific humidity, sea ice concentration, sea surface359

temperature, and surface pressure, updated every three hours. Nudging was applied360

to air temperature, divergence and vorticity above 850 hPa, with a length scale of361

approximately 800 km. Moisture fields, such as water vapour, were excluded. The362

downscaling experiment was run from July 2021 to June 2022, with one month of363

spin-up (Torres-Alavez et al.; in preparation).364

SAM and ENSO365

To analyse the impact of variability of planetary climate modes we used the SAM366

and ENSO indices provided at http://www.nerc-bas.ac.uk/icd/gjma/sam.html and367

https://ds.data.jma.go.jp/tcc/tcc/products/elnino/index/respectively. As there are368

different types of El Niños, we focused on the two main ones: El Niño3 and El Niño4,369

which we averaged in this study as the time series are very comparable. We also did370

sensitivity test of SMB and El Niño3 and El Niño4 indices separately which resulted371

in very similar results (e.g. Figure A3).372
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Appendix A Supplementary Figures420

Fig. A1: SMB as in Figure 1a but differentiating between SMB over the grounded ice sheet
(AIS; dotted lines) and the same including ice shelves (AIS+IS; solid lines), with annual SIC
based on OSISAF shown in blue.

Fig. A2: Black dashed lined: Monthly SMB anomalies based on ERA5 (with respect to the
1995-2010 mean) over the AIS during the GRACE period (2003–2024). Light blue line and
dark blue line represent the time series for the SAM index and the mean of the El Niño3 and
El Niño4 indices respectively (the two individual El Niño time series were very similar).
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Fig. A3: a–f: Correlations of the SAM (a), El Niño3 (b) and El Niño4 (c) indices with gridded
SMB including ice shelves during winter (JJASON). d–f: Same but for summer (DJFMAM).
Grid points with low significance correlations (p-values ¿ 0.05) are masked out (white). g–l:
Correlations of the SAM (g), El Niño3 (h) and El Niño4 (i) indices with gridded SIC during
winter (JJASON). j–l: Same but for summer (DJFMAM).
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Fig. A4: Mean sum of SMB in ERA5 during 2003–2019 in summer (DJFMAM; a) and
winter (JJASON; b). c) and d) illustrate the difference of the five recent years (2020–2024
mean) compared to the 2003–2019 mean, i.e. blue (red) areas mark regions with higher (lower)
SMB. Black contours mark areas where the difference was significant based on Welch’s t-
test, which accounts for differences in population size. In a&b, blue circles mark regions
exceeding 1,400 mm per season. In c&d, green circles mark regions exceeding 500 mm per
season and orange circles mark regions below –100 mm per season. e-h: Same as in a-d but
for RACMO2. e-h: Same as in a-d but for HCLIM43 (precipitation minus evaporation). Note
the extended colour scales compared to ERA5 due to higher resolution (and in RACMO also
a more accurate SMB).
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Fig. A5: Mean AR frequency based on the ANTIS-AR algorithm (see Methods) during
2003–2019 in summer (DJFMAM; a) and winter (JJASON; b). c) and d) illustrate the differ-
ence of the five recent years (2020–2024 mean) compared to the 2003–2019 mean, i.e. green
(orange) areas mark regions with higher (lower) AR frequency. Black contours mark areas
where the difference was significant based on Welch’s t-test, which accounts for differences in
population size.

Fig. A6: As in Figure A5, but for AR frequency based on the adapted EDARA algorithm,
where only ARs that reach the ice sheet or ice shelves are retained (see Methods). Because the
detection algorithm is not adjusted for polar regions and uses a minimum IVT threshold of
100 kg m−1 s−1, fewer ARs are identified over the AIS compared to the ANTIS-AR algorithm
(and more over the ocean due to the lower 85th percentile).
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Fig. A7: Mean of IVT over the AIS and ice shelves during 2003–2019 in summer (DJFMAM;
a) and winter (JJASON; b) over the AIS and ice shelves. c) and d) illustrate the difference
of the five recent years (2020–2024 mean) compared to the 2003–2019 mean, i.e. red (blue)
areas mark regions with higher (lower) AR frequency. Black contours mark areas where the
difference was significant based on Welch’s t-test, which accounts for differences in population
size.

Fig. A8: As in Figure A7, but for the mean zonal wind at 10m including oceanic areas,
where positive values mark westerly winds. Zonal winds at 850 hPa and 500 hPa show the
same pattern with similar regions of significance (plots can be provided upon request).
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Fig. A9: a) Correlations of basin-wide SMB and adjacent ocean basins for SIC. The basins
are shown in b, where the transparent land/ice shelf areas represent the region where SMB
anomalies are summed, and correlated to the respective adjacent ocean basins. WS: Weddell
Sea, IND: Indian Ocean, WP: West Pacific, RS: Ross Sea, AMU: Amundsen Sea, BEL:
Bellingshausen Sea. The correlations per grid point are shown in Figure A10.

Fig. A10: As in Figure A9a, but showing correlations per sector of total SMB with gridded
SIC (blue to red), and of mean SIC with gridded SMB (including ice shelves; yellow to green).
Yellow patterns over land and blue over ocean thus indicate co-occurring high SMB and low
SIC. Grid points with low significance correlations (p-values 0.05) are masked out (white).
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Fig. A11: As in Figure 3d–f, but for SMB (a–c), rainfall (d-f), and skin temperature (g-i).
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Fig. A12: As in Figure 3d–f, including the Southern Ocean, but for cloud water path (a-c),
surface albedo (d-f) and surface humidity (g-i).
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Fig. A13: As in Figure 3d–f, including the Southern Ocean, but for net (a-c), downward
(d-f), and upward (g-i) longwave radiation (all downward positive).
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Fig. A14: As in Figure 3d–f, including the Southern Ocean, but for net (a-c), downward
(d-f), and upward (g-i) shortwave radiation (all downward positive).
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Fig. A15: As in Figure 3d–f, including the Southern Ocean, but for latent (a-c) and sensible
(d-f) turbulent heat fluxes (both downward positive).
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Fig. A16: Weighted mean or sum of selected variables averaged over the AIS+IS (left)
and Southern Ocean (right) from July 2021 to June 2022 in the three experiments (CTRL,
exICE, noICE). Results over the AIS excluding ice shelves are very similar to the left column.
Continued on following page.

28



Fig. A16: (continued, see previous page)
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Fig. A17: SIE and SMB relationships for the 1-year noICE, CTRL, and exICE experiments
(07/2021 to 06/2022) with HCLIM43. Top: annual mean and accumulated SMB for the
grounded AIS (a) and including ice shelves (b). Bottom: Differences between summer and
winter for the AIS (c) and including ice shelves (d). In a) and b), all annual years from 2002-
2024 based on ERA5 are added (which is used to drive the HCLIM43 experiments). SMB is
approximated as precipitation minus evaporation.
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Fig. A18: Northerly winds of the 3 experiment simulations at 500 hPa (left), 500 hPa
(middle), and 10m (right) averaged over the AR cross section of the October AR on the EAIS
(a-c), the October AR on the AP (d-f), the February AR on the AP (g-i), and the March
AR on the EAIS (j-l).
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Fig. A19: Precipitation on the main AR day of the four events (a,d,g,j) and the difference
of the exICE and noICE experiments to the CTRL. Black lines indicate the AR axes (as in
Figure 4a-d), and SIC exceeding 15% are marked with red dots.
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